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Precision measurement of the lifetime of the 1s2s 3S1 metastable level in heliumlike O61
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2Department of Physics and Columbia Astrophysics Laboratory, Columbia University, New York, New York 10025
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The lifetime of the 1s2s 3S1 level of the He-like O61 ion has been measured using the Electron Beam Ion
Trap in the magnetic trapping mode. A value of 95624

15 ms is found, which corresponds to a radiative transition
rate of 104625

14 s21 for the magnetic dipole transition to the 1s2 1S0 ground state. This value is in excellent
agreement with recent theoretical predictions and distinguishes among different treatments of negative energy
states and correlation in multiconfiguration Dirac-Fock calculations.@S1050-2947~98!05307-4#

PACS number~s!: 32.70.Cs, 52.70.La, 95.30.Ky
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I. INTRODUCTION

Line emission from metastable levels that decay only
electric dipole-forbidden transitions, such as the 1s2s 3S1
level in heliumlike O61, plays an important role in plasm
diagnostics@1#. The metastable level will be collisionall
depopulated when the electron density approaches a cr
value, transforming the line emission into a diagnostic
electron density. Accurate knowledge of the radiative rate
therefore, a requisite for inferring reliable electron densit
from such lines. It is also important for testing calculatio
of atomic wave functions, as small inaccuracies may lea
large changes in the rates of forbidden transitions. Thus th
rates are sensitive indicators of the accuracy of atomic
culations.

The 1s2s 3S1 level is the lowest-lying excited level in th
heliumlike system. It is forbidden to decay to the 1s2 1S0
ground level by an electric dipole transition. At low densiti
the level decays via a magnetic dipole transition to
1s2 1S0 ground level. At sufficiently high collision rates, i.e
sufficiently high electron densities, the level is collisiona
depopulated by transferring its population to the nea
1s2p 3P1 level. The intensity ratio of the 1s2s 3S1
→1s2 1S0 forbidden transition to the 1s2p 3P1→1s2 1S0
intercombination line is, thus, sensitive to the electron d
sity, as shown by several modeling calculations@2–4#. The
density at which the electron collision rate rivals the p
dicted radiative decay rate of the 1s2s 3S1 level is in the
range 1010–1012 cm23. This density range is typically found
in active solar and stellar plasmas. High-resolution meas
ments of the O61 K-shell line emission from the Sun hav
indeed shown this density dependence@5#.

Early estimates of the3S1 radiative decay rate were pro
vided by Gabriel and Jordan@6# using the relation

Ar5
4.43109

l5
s21. ~1!

Their estimate yielded a value of 1.198 ms based on
transition wavelengthl522.0977 Å. This value was re
vised in many subsequentab initio calculations @7–11#.
Some of those predictions~e.g., Ref. @9#! are only by-
products of calculations testing methods to be applied
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more complex atoms, and did not intend to reach the pr
sion that could have been achieved when specifically app
to two-electron ions. The newer calculations provided valu
between 943 and 955ms employing a variety of differen
theoretical approaches. One of these approaches, the m
configuration Dirac-Fock method, was recently shown by
delicato@12# to provide significantly different values depen
ing on whether and how correlations and the negative ene
continuum are included in the calculations. The largest s
ter among the different approaches was found in low-Z ions,
i.e., for the smallest radiative rates. Similar differences w
found by Johnson, Plante, and Sapirstein@11#. For low-Z
ions such as oxygen, these authors calculated the radia
decay rate using the Hartree potential, as it produced m
accurate results than using the Coulomb potential becaus
a significantly smaller need for negative energy correctio

In order to experimentally test and distinguish among
calculations, a measurement with an accuracy better tha
few percent is needed. However, only recently have meth
been developed that allowed measurements of the long-l
1s2s 3S1 level in heliumlike ions. Radiative lifetimes in th
millisecond regime have become accessible to experime
scrutiny in storage rings@13#; measurements of radiative life
times in the microsecond regime were demonstrated at
Electron Beam Ion Trap~EBIT! facility at Livermore
@14,15#. The latter facility used an electron beam to confi
the ions and excite the transition of interest, and adjustme
for collisional effects had to be made.

Recently, a new mode of operation, dubbed the magn
trapping mode, has been developed@16#. This mode dis-
penses with the need to account for electron collisions w
making radiative lifetime measurements on the EBIT fac
ity. The magnetic mode allows the measurement of the de
of much longer-lived metastable levels than before and w
higher accuracy. The method relies on the observation
ions produced in EBIT remained trapped for many seco
after the electron beam was turned off@16–18#. In the ab-
sence of the electron beam, the fluorescent decay of m
stable levels can be observed without collisional pertur
tions. This has been illustrated in a measurement of
1s2s 3S1 level in heliumlike N51, which has been measure
with a 3% accuracy@16#. In the following we use the capa
bility provided by the magnetic trapping mode method
238 © 1998 The American Physical Society
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measure the radiative lifetime of the 1s2s 3S1 level in heli-
umlike O61 within a 0.5% accuracy.

II. EXPERIMENTAL ARRANGEMENT

The measurement was carried out at the Livermore E
facility. Oxygen was introduced into the trap by injecting
molecular beam of CO2 into the trap. We used a continuou
injection of CO2 at a gas injector pressure of 1027 torr, giv-
ing a neutral CO2 density of roughly 106 cm23, or 10211

torr in the trap. The beam energy was 1.2 keV, and the c
rent around 25 mA. The beam dissociated and ionized
CO2 molecules. Although the beam energy was above
threshold to strip oxygen completely, it was necessary
choose such a high energy given the nonequilibrium, tr
sient ionization conditions of the measurement to prod
sufficient amounts of heliumlike oxygen ions.

Similar to our earlier measurement of N51 and Ne81

@14,16#, we measured the total intensity of theKa emission
with a lithium drifted silicon Si~Li ! detector mounted side-o
in EBIT. The advantage of the low resolution Si~Li ! detector
lies in a high counting efficiency, which is essential f
achieving good statistics.

The measuredKa emission comprised three 2→1 transi-
tions. These were the transitions 1s2p 1P1→1s2 1S0,
1s2p 3P1→1s2 1S0, and 1s2s 3S1→1s2 1S0, labeledw, y,
andz in standard notation, as illustrated schematically in F
1. To observe the fluorescent decay of the electron pop
tion in the 1s2s 3S1 metastable level, we turned off the ele
tron beam for periods of 10 ms by switching off the pow
supply used for the anode extraction potential of the elec
gun. The beam was then turned on again for another 10

Upon turning off the beam, direct electron-impact exci
tion immediately ceased. Transitionsw andy have transition
rates that are many orders of magnitude larger thanz. Their
emission thus ceased almost instantaneously, as is indic
by the steep drop in the recordedKa emission shown in Fig.
2. This drop is slightly rounded by the finite time resolutio
of the detector electronics. By contrast, the decay of
1s2s 3S1 level produced emission that was seen to last w
into the excitation-free period.

The time scale was calibrated to the ppm level with
help of a calibrated signal generator. Since the rate of d
accumulation was on the order of a few counts per cy
pulse pile-up and dead time effects can be totally neglec

FIG. 1. Schematic level diagram of then51 andn52 levels of
heliumlike O61. The prominent decay paths are indicated.
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III. RESULTS

We fitted the temporal evolution of the3S1 fluorescent
decay to a single exponential with statistical weighting an
constant background, as shown in Fig. 3. The resulting l
time is t5955.9 ms. The statistical uncertainty is 3.5ms.
Fits of double exponentials have been attempted but faile
describe the data.

Systematic errors might arise from ion loss from the tr
during the magnetic trapping mode. Previous experime
however, have shown that ions remain trapped on the o
of seconds@16–18#. The dominant loss mechanism is char
exchange reactions with neutral background gases. Sinc

FIG. 2. Ka emission from heliumlike O61. The emission drops
immediately after the electron beam is turned off, revealing
fluorescent decay signal of the 1s2s 3S1 level.

FIG. 3. Fit of a single exponential to the x-ray emission me
sured during the magnetic trapping mode~top!. Residuals of the fit
are given below.
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continuously injected CO2 into the trap, charge exchange
O61 ions with CO2 was a possible loss mechanism in t
present measurement. Moreover, charge capture of O71 ions
was a possible feeding mechanism of the heliumlike3S1
level.

Given the estimated neutral density of 106 cm23 in the
trap, an ion temperature of less than 1 keV@19#, and charge
exchange cross sections on the order of less than 10214 cm2

@20#, an upper bound of less than 0.1 s21 can be placed on
the rate of charge exchange recombination losses. Th
negligible compared to the measured radiative decay rat
about 103 s21. Similarly, population of the metastable lev
by charge exchange is also negligible.

As an upper limit on ion losses, we assume an ion stor
time of 1 s, which is less than the shortest storage time m
sured in Fourier-tranform ion-cyclotron measureme
@17,18#. Incorporating such a systematic error into our er
limits, we find a lifetime of 95624

15 ms for the heliumlike3S1

level and a radiative transition rate of 104625
14 s21.

IV. COMPARISON WITH THEORY

The measured radiative lifetime can be compared to v
ous theoretical results. Using nonrelativistic wave functio
Drake@7# obtained a value of 957.9ms. This value is within
the uncertainty limits of our measurement. The relativis
calculation by Johnson and Lin@8# giving 950.6 ms is in
slightly less good agreement. A very recent calculation e
ploying exact relativistic wave functions by Johnson, Plan
and Sapirstein@11# yielded a value of 955.1ms, which is in
best agreement with our measured value.

By contrast, two other predictions based on relativis
wave functions yielded results that do not agree with
measurement. These are the value of 945.2ms computed by
Johnson and Lin@9# and the value of 943ms computed by
Lin, Johnson, and Dalgarno@10#. There is also poor agree
ment with the rates calculated with the single-configurat
Dirac-Fock method by Indelicato@12#, as illustrated in Fig.
4. However, the agreement clearly improves as correla
and negative energy states are included in the calculatio

Figure 4 also shows the predictions of Johnson, Pla
and Sapirstein@11# using exact relativistic wave functions
The present measurement is only the second measure
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with a sub-1% uncertainty among low-Z ions and is clearly
able to distinguish between the calculations of Johns
Plante, and Sapirstein and the best multiconfiguration Dir
Fock calculations from Ref.@12#. Our present measuremen
and that of C41 by Schmidtet al. @13# are in excellent agree
ment with the predictions of Johnson, Plante, and Sapirst
but differ significantly from multiconfiguration Dirac-Foc
calculations.
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FIG. 4. Comparison of the measured magnetic dipole transi
rate in O61 with results from single-configuration Dirac-Fock ca
culations~dashed line!, multiconfiguration Dirac-Fock calculation
without ~dotted line! and with taking negative energy states in
account~dot-dashed line! from Ref.@12#. Also shown are the values
calculated in Ref.@11# ~solid line! using exact relativistic wave
functions. All results are expressed relative to the sing
configuration Dirac-Fock values. Previously measured values
from the following references: C41, Ref. @13#; N51, Refs.@13,16#;
Ne81, Ref. @14#; Mg101, Ref. @15#.
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